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[57] ABSTRACT 
An electronic ballast circuit for fluorescent or other 
gaseous discharge lamps includes a resonant half-bridge 
inverter circuit. The source voltage to the inverter is a 
full-wave rectified line voltage together with a DC 
carry-over voltage for supplying power in the inter- 
cusp period of the recitified line voltage. A negative 
feedback circuit is responsive to lamp current to vary 
the inverter drive frequency and thereby regulate lamp 
current. The frequency response of the feedback loop is 
high enough and the gain-versus-frequency response of 
the inverter is such that lamp current and voltage are 
regulated to reduce the crest factor of lamp current to 
compensate for variation in the amplitude of the voltage 
across the semi-conductor switches. 

19 Claims, 6 Drawing Figures 
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■ ponents, which results in larger sizes of components, 

ELECT^WC BALLAST CIRCUIT FOR and that defeats some of the primary purposes of a solid 

FLUORESCENT LAMPS st ate ballast— namely, reduction in the size of compo 

RFI ATPn appt tpatthm < ntntS ^ ^creased operating efficiency. 

RELATED APPLICATION 5 n ^ electronic ballasts, the crest factor is im- 

This is a continuation of application Ser. No. 661,397, proved simply by adding large filters to the foil wave 

filed Oct 16, 1984, now abandoned, which is a con- rectified source voltage, but, in turn, adding bulky and 

tinuation-in-part of application of my coowned applica- costly components and reducing the overall efficiency 

don entitled "Solid State Ballast", Ser. No. 194,783, of the ballast. 

filed Oct. 7, 1980, now U.S. Pat. No. 4,477,748, the 10 Thus, a principal object of the present invention is to 

subject matter of which is incorporated herein in its provide an electronic ballast circuit for fluorescent 

entirety. lamps which regulates lamp current such that the crest 

FIELD OF THE INVENTION factor of lamp current acfyeves a value of less than 1.6. 

tu^ i * * . « . . , . It is further object of the present invention to do so 

The present invention relates to a ballast circuit for " wMl0Ut ^g^y ^ L^ ve fUter compone!l t s 

fluorescent or other gaseous discharge lamps. More for fflteri source *6ta£™ components 

particularly, it relates to an electronic ballast circuit for ^ 8 

energizing fluorescent lamps at high frequency from a SUMMARY OF THE INVENTION 

conventional 60 Hz power source. ™ it . 4 . . . . . 

20 The present mvention mcludes a half-bndge mverter 

BACKGROUND OF THE INVENTION circuit designed to resonate at a predetermined high 

As used herein, the term "fluorescent" is intended to M^ency. A negative feedback circuit senses lamp 

include other gaseous discharge lamps such as high- current and vanes the excitation frequency of the lamp 

intensity discharge lamps. It is known that these lamps circuit 1° regulate lamp current In particular, the fre- 

operate more efficiently at frequencies higher than 60 25 °, ue ncy response of the feedback circuit is sufficiently 

Hz. Typically, such frequencies may range from 15 80 ttmt lt " capable of responding to amplitude 

KHz to as high as 100 KHz. In the prior art, there have changes in the source voltage. In this manner, the lamp 

been many suggestions of electronic ballast circuits current may be regulated to a high degree, sufficient to 

capable of high frequency operation, and there have reduce the crest factor of lamp current to values less 

also been commercial attempts to provide such elec- 30 than 1.6, if desired. 

tronic ballasts. In the illustrated embodiment, the lamp current is 

It has recently been recognized that to obtain longer sensed and a signal is generated representative of tamp 

life on fluorescent lamps designed for high frequency current. The feedback loop contains a variable fre- 

operation, the lamp current should be regulated to a quency oscillator which generates the gating signal for 

degree higher than some may have thought necessary in 35 the semi-conductor switches of the inverter and thereby 

earlier ballast circuits. There is a problem in obtaining a determines the operating frequency of the inverter. The 

highly regulated lamp current because, in a ballast in- inverter circuit itself, sometimes referred to herein as te 

tended for residential or commercial use, conventional "resonant amplifier" is therefore driven at a predeter- 

60 Hz line voltage is the only practical source of power. mined, controlled frequency which preferably is in a 

Wo^T^H^ S ° ****** 40 range of frequencies shghtly above the actual "resonant 

the power transformer which no^y en^eTtne ^Z?" TT* ^ "? " j 
lamp load. If tins variation in amplitude is reflated h S° r "l^^Z^ ' ' 
applied lamp current, it is undesirable because it is be- 43 I h gam ^ the ? so ) nant am " 
UevedanysuchvariationwillreduceefTectivelamplife. P^^d a reduced voltage applied to the lamp cir- 
A measure or factor sometimes used by lamp manu- Cmt V* 1 ** mverter dnvmg frequency is in- 
facturere to limit or define operating specifications of a cre &«d, we response or "gab" of the inverter de- 
ballast to ensure longer lamp life is the "crest factor" creases - 1x1 ^ manner, lamp current can be regulated 
which is defined as the ration of the peak amplitude of 50 t0 ±c desirable crest factors indicated above, 
the lamp current to the nns value of lamp current Some . 0th ? r featurcs md advantages of the present inven- 
lamp manufacturers require, at least for certain lamps, tion wil1 be apparent to persons skilled in the art from 
that the crest factor of a solid state ballast operating at foUowing detafled description of a preferred em- 
high frequency be less than 1.6. Such crest factors have bodiment accompanied by the drawing, 
not been attainable by the circuit as disclosed in my 55 BRIEF DESCH TPTTnw df twp nu A wiwr 
above-identified application Ser. No. 194,783. One of DESCRIPTION OF THE DRAWING 
the reasons that desirable values of crest factor are not FIG. 1 is a functional block diagram of an electronic 
obtainable by the circuit as disclosed in that application ballast circuit using negative feedback to regulate lamp 
is that the voltage is permitted to go to zero volts be- current; 

tween the cusps of the full wave rectified source volt- 60 FIG. 2 shows idealized wave forms of signals illus- 

age. (This period between the peaks or cusps of the trating the operation of the circuitry of FIG. 1; 

rectified voltage, when the voltage goes to zero volts, FIG. 3 is a circuit schematic diagram, partly in func- 

or to carry-over voltage if any auxiliary supply is used, tional block form, of an electronic ballast for gaseous 

is referred to as the "inter-cusp" period.) Even if an discharge lamps constructed according to the present 

auxiliary source of DC voltage is used to store energy 65 invention; 

(as in a capacitor, for example), crest factors of less than FIG. 4 is schematic diagram, partly in functional 

1.6 are nevertheless difficult to attain in such a system block form, of the timing and frequency control cir- 

without auxiliary filters or unduly large values of com- cuitry of FIG. 3; 
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FIG. 5 is a plot of gain versus Frequency of the in- 
verter circuit of FIG. 3; and 

FIG. 6 contains graphs of idealized wave forms illus- 
trating the performance of the operation of the circuitry 
of FIG. 3. 5 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Since the subject matter of co-pending application 
Ser. No. 1 94,783 has been expressly incorporated herein 10 
by reference, and because the preferred embodiment of 
the invention employs a different circuit configuration 
and technique in the feedback loop configuration, it is 
not necessary to repeat all the circuit detail of said appli- 
cation Ser. No. 194,783. However, in order to provide a 15 
foundation for a better understanding of the improve- 
ments rendered by the preferred embodiment, a brief 
description will be given of the circuitry of said co- 
pending application which regulates lamp current. 
Many other features and functions are disclosed in the 
referenced copending application, but do not form a 
part of the instant invention which is independent of 
those features, and they need not be repeated here. 

Turning then to FIG. 1, reference numeral 10 gener- 
ally designates a thyristor/capacitor bridge circuit in- 
cluding first and second thyristors (silicon control recti- 
fiers) 11, 12 connected in series with a full-wave recti- 
fier circuit 13 which receives standard 60 Hz line power 
and converts it to a full-wave rectifier circuit 13 which 30 
" receives standard 60 Hz line power and converts it to a 
full- wave rectified output signal of 120 Hz, such as is 
illustrated in idealized form on line 1 of FIG. 2. 

The bridge circuit 10 also includes first and second 
balanced capacitors 16, 17 connected in series to form 35 
two legs of the bridge. The diagonal branch of the 
bridge includes a power transformer generally designed 
20, the output of which is coupled to a lamp load circuit 
comprising gaseous discharge lamps, such as fluores- 
cent lamps, diagrammatically represented by the block 
2L 

' . The value of capacitors 16 and 17, and the inductance 
(including any reflected impedance from the load) of 
transformer 20 form a resonant circuit when thyristors 
11, 12 are conducting. . 45 

The thyristors 11, 12 are gated "on" by a signal cou- 
pled through a pulse transformer generally designed 23. 
The transformer 23 includes a primary winding 24 
driven by the Timing and Feedback Control Circuit 27, 
and first and second secondary windings 23, 26 which 50 
are connected in circuit respectively with the gate leads 
of thyristors 11, 12 in such a manner that current flow- 
ing through primary winding 24 of transformer 23 in 
one polarity will cause thyristor 11 to conduct, and 
current flowing through the primary winding 24 in the 35 
opposite polarity will cause thyristor 12 to conduct 

Timing for the Tuning and Feedback Control Circuit 

27 is derived from a Zero Cross-Over Detector Circuit 

28 which receives a signal from a secondary winding in 
the power transformer 20. That signal is designated 60 
X-X, and the Zero Cross-Over Detector Circuit 28 
generates a pulse each time the load current reverses 
polarity. 

A signal designated R is generated in the lamp circuit 
representative of lamp current The signal R is a level 65 
signal (not a sinusoidal signal) having a magnitude rep- 
resentative of a value of lamp current averaged over a 
number of cycles of the high frequency lamp current 



,098 

4- 

As explained above, when thyristor 11 conducts, 
capacitor 16 discharges at least partly, and a current 
represented by arrows Ii flows through thyristor 11 and 
the primary of transformer 20 from the positive to the 
negative terminal, and thence through capacitor 17 to 
ground. Because the transformer 20 and capacitors 16 
and 17 form a resonant circuit, the current Ii will re- 
verse in polarity dependent upon the resonant fre- 
quency of the circuit, and thereafter thyristor 12 will be 
gated to conduction with current flowing in the direc- 
tion of the arrows Ij. Thyristor 11 will be non-conduct- 
ing at this time. 

Thus, a high-frequency current oscillating at a fre- 
quency (which may be, for example, in the range of 20 
KHz to 50 KHz) is generated in the lamp circuit and 
coupled to energize the lamp load. The positive half of 
the symmetrical resulting wave form at the output of 
the power transformer 20, again in idealized form, is 
seen on line 2 of FIG. 2. The envelope of the wave form 
is shown in phantom as a series of cusps and designated 
30. It corresponds to the frequency and same general 
shape as the 120 Hz rectified line voltage of line 1. The 
lamp current goes to zero as the source voltage goes to 
zero during the inter-cusp period. A storage capacitor, 
may be used to supply a carry over voltage in the inter- 
cusp period, in which case the envelope may be as seen 
at 33 on line 2. In either case, since the lamp current will 
have a generally similar envelope, the crest factor for 
lamp current is undesirably high. 

To further explain the operation of the current regu- 
lating feature of the circuit of FIG. 1, an individual 
cycle of lamp current is shown, once more in idealized 
form, on an expanded time scale of line 3 of FIG. 2. It 
is sinusoidal in form, though, as mentioned above, the 
peak-to-peak value of that wave will depend upon the 
magnitude of the rectified source voltage. 

Referring then to FIG. 1, the Zero Cross-Over De- 
tector Circuit 28 generates a signal at a time represented 
in FIG. 2 by reference numeral 34 when current Ii or h 
goes through a zero value. The timing portion of the 
control circuit 27 thereupon establishes a fixed time 
delay represented diagrammatically by the arrow tD in 
line 3. If the lamp current, represented by the value of 
the signal R is a value which corresponds to a predeter- 
mined or reference value of current reflecting a desired 
lamp current, then the thyristor which is to be fired will 
be triggered at the end of the time tp. If the value of the 
signal R is greater than the predetermined reference 
value, indicating that lamp current is greater than de- 
sired, the feedback control circuit 27 delays the timing 
pulse proportionately so that, for example, the thyristor 
to be gated will not be gated on until a time t\. This will 
reduce the energy coupled to the resonant circuit and 
thus it will reduce the voltage applied to the power 
transformer 20. If, on the other hand, the magnitude of 
the signal R is less than the reference signal, it indicates 
that lamp current is less than the predetermined value, 
and the triggering of the thyristors will be advanced 
such as is illustrated at t2 in line 3, causing more energy 
to be coupled to the power transformer 20 since the 
thyristors will be energized earlier in the cycle of in- 
verter current 

In this manner, lamp current is regulated as explained 
in my co-pending application. However, the response 
time of the feedback control circuit for the system of 
FIG. 2 is relatively slow — that is, of the order of a few 
tenths of a second. In other words, the —3 db point of 
the frequency response characteristic of the feedback 
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circuit is of the order of 2-5 cy/sec. As a result, the and frequency control circuitry 127 will be described in 

amplitude of voltage applied to thclamp circuit and the connection with FIG. 4, and it is analogous to the logic 

amplitude of lamp current vary in accordance with the and feedback control circuitry 27 of FIG. 1 in that it is 

envelope of the voltage wave form seen on line 2. The responsive to a signal representative of lamp current to 

resulting crest factor for lamp current is, as explained 5 regulate the value of lamp current. The circuitry 127, 

above, undesirable from the standpoint of criteria estab- however, does so in a different manner. Specifically, the 

. lisfaed by lamp manufacturers for longevity of lamps. circuitry 127 cooperates with and takes advantage of 

Specifically, if the envelope of the signal of line 2 with the frequency response characteristic of the bridge 110 

the intercusp voltage going to zero represents peak and controls the operating frequency of the bridge in 

lamp current and the arrow designated Irms designates 10 relation to its resonant frequency to achieve an overall 

rms lamp current; and the crest factor has a value nomi- desired output or "gain" in achieving current regula- 

nally in the range of Z0-3.0. tion. This can be seen by referring to FIG. 5 in which 

Turning now to FIG. 3, there is shown a preferred reference numeral 135 designates a curve showing the 

circuit for achieving a regulated lamp current with relationship between frequency and the gain of the 

reduced amplitude modulation of the voltage applied to 15 inverter circuit or "resonant amplifier" as it is some- 

the lamps and an improved crest factor for a lamp cur- times called. In this context, the resonance of the ampli- 

rent To facilitate comparison with the circuitry of FIG. Fter is defined, as indicated above, primarily by the 

1, components in the circuit of FIG. 3 which have a capacitor 122 and the leakage inductance of the power 

similar function to those identified in FIG. 1 will be transformer 120. 

identified with a corresponding reference numeral pre- 20 Referring then to FIG. 5, the resonant frequency of 
ceded by a "1." Thus, an inverter in the form of a half- the inverter is designated Fr and as can be seen, as the 
bridge circuit is generally designated 110. It includes frequency of operation increases above the resonant 
first and second semi-conductor switches 111, 112. The frequency, the gain of the inverter decreases. Further, it 
controlled switches illustrated are MOSFET transis- will be observed that the gain decreases monotonically, 
tors, although other semiconductor switches may also 25 though not necessarily linearly between the resonant 
be used. MOSFET transistors were selected because of frequency Fr and a frequency Fi. In a manner to be 
their higher frequency response, enabling the inverter made clear presently, the frequency control circuitry 
frequency to be increased and thereby reducing the size 127 senses average lamp current and generates an out- 
of other components. The nominal operating frequency put signal which is coupled to the transformer 123 to 
of the inverter of FIG. 3 is in the range of 50-100 KHz, 30 gate the transistors 111, 112 in alternate half-cycles. The 
and the nominal resonant frequency is 50 KHz, MOS- frequency of that gating or triggering signal is increased 
FET transistors are suited to this application because, as as lamp current increases, thereby to decrease the volt- 
will be appreciated from an understanding of the cir- age applied to the lamp load circuit at the secondary 
cuit, they are turned "on" (U., to a state of conduction) winding 120B, resulting in lowering the lamp current 
when no forward current is flowing in the branch in 35 Returning to FIG. 3 once more, a carry-over voltage 
which the MOSFET is located, and they are turned is supplied for supplying energy between the peaks of 
"ofT when forward current is flowing. This suits the the 120 Hz full wave rectified source voltage. The car- 
application to the faster turn on and turn off times of ry-over voltage circuitry includes a diode 136 having its 
MOSFET transistors compared, for example, to those cathode connected to the positive output of the full 

0f e i K ,b ^ tnmsiStor8 ' 40 wavc rcctifier bri(J g e circuit 113 and its anode con- 

Still referring to FIG, 3, the inverter circuit 110 in- nectcd to a storage capacitor 137. The junction between 
eludes capacitors 116 and 117 in the other branches. To diode 136 and capacitor 137 is coupled by means of an 
energize the inverter circuit 110, 60 Hz line voltage is inductor 138 and a diode 139 to the junction between 
connected top a rectifier bridge circuit 113, the output the transistors 111, 112 which, it will be observed, is 
of which is fed to the inverter circuit 110, as illustrated. 45 also an input terminal to the primary winding 120A of 
A power transformer generally designated 120 has a power transformer 120. The half wave rectifier formed 
primary winding 120A connected between the common by diode 139 and 140 provides a voltage equal to one 
junction of the transistors 111, 112 and the common half peak supply voltage and permits capacitor 137 to be 
junction of the capacitors 116, 117— that is, the power charged from the high frequency output of the inverter 
bansformer 120 is connected in the diagonal branch of 50 circuit rather than from the line supply; thereby mini- 
the bridge circuit 110. A first secondary winding desig- mizing line current distortion and retaining a high input 
nated 120B feeds the lamp load circuit 121 which may power factor. Briefly, the capacitor 137 is relatively 
include fluorescent or other gaseous discharge lamps, large to provide storage of sufficient energy. It is 
such as high intensity discharge lamps, in any number of charged through diode 139 and inductor 138, and it 
configurations. A capacitor 122 is connected across the 55 discharges through diode 136 when amplitude of the 
secondary winding 120B and forms the capacitive reac- output voltage of the bridge circuit 113 falls below the 
tance m combination with the inductive reactance of level of voltage stored across capacitor 137. A diode 
the transformers 120 to define the resonant frequency of 140 may be connected as shown across diode 139 and 
the inverter which in the illustrated embodiment is transistor 112. 

approximately 50 KHz, as indicated. 60 Turning now to the signal inputs to the Logic and 

The transistors 111, 112 are triggered at mutually Frequency Control Circuitry 127, a first input signal is 
exclusive times by a drive transformer 123 having a derived from a secondary winding 141 of transformer 
primary winding 124 which is connected to the output 120 which may be coupled to a filament circuit for one 
of a logic and frequency controlled circuitry 127. or more lamps in the load circuit 121. A current trans- 
Transformer 123 also has a first secondary winding 125 65 former generally designated 142 senses the current 
which is connected to the gate of transistor 111, and a flowing in the load of the secondary winding 141 and 
second secondary winding 126 which is connected to generates a signal e/on line 143 which is representative 
the gate of transistor 112 as seen. The details of the logic of lamp load current. Additional lamp filaments may be 
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energized by a secondary winding 144. Another sec- detector circuit 179 is received on line 153 from current 
ondary winding 145 generates a signal, eo, which is transformer 151 and is representative of the phase of 
representative of lamp voltage. The signal e^is also fed inverter current, ip. The other input signal to phase 
to the Logic and Frequency Control Circuitry 127 detector 179 is the drive signal on line 161 which is 
along line 146 and is used for lamp voltage limiting as 5 coupled to the primary 124 of the drive transformer 
discussed further below. Still another secondary fila- 123. This signal is representative of the phase of the 
ment winding of transformer 120 is designated 155 hav- voltage across the primary since it determines the trig- 
ing an output lead 156 which is coupled with a starting gering of the semiconductor switches 111, 112 as indi- 
capacitor 157 to the high voltage secondary. cated above. That signal is coupled to a first Schmitt 

First and second resistors 148, 149 may be connected 10 trigger circuit 180 to square it and a differentiator 181 to 
in series across the transistors 111, 112 to form a voltage an AND gate 182. The signal ip is fed to a second 
divider; and the signal at the junction between the resis- Schmitt trigger circuit 183 to the other input of AND 
tors 148, 149 is representative of the amplitude of the gate 182. 

source voltage. That signal is fed along a lead 150 to the Phase detector circuit 179 has a characteristic as 
Logic and Frequency Control Circuitry 127 and may be 15 diagrammatically illustrated in FIG. 4. When the drive 
used to protect against source over-voltage. frequency of the semi-conductor switches is near the 

A current transformer 151 senses current flowing in resonant frequency Fr of the resonant inverter ampli- 
the primary of transformer 120 and including a second- fier, the output signal of the phase detector 179 is a 
ary winding 152. The signal on line 153 is designated i p positive voltage. As the operating frequency of the 
and represents the phase of local current. It is coupled 20 inverter increases above the resonant frequency, indi- 
along a line 153 to an input of the Logic and Frequency eating that the current \ p lags the voltage e p , the output 
Control Circuitry 127. voltage is zero. As the operating frequency of the in- 

The output leads of the Logic and Frequency Con- verier falls near or below the resonant frequency, the 
trol Circuit are designated 161 and 162; and they are phase angle of current becomes leading and the output 
connected directly to the terminals of the primary 23 voltage increases. That output voltage is fed to the 
winding 124 of transformer 123. summing junction 173. The output of the" summing junc- 

Power for the Logic and Frequency Control Cir- tion 173 is fed through a filter 185 and a diode 186 to the 
cuitry 127 is derived from a conventional bridge recti- input of the voltage control oscillator 178. 
fier circuit generally designated 163 which is capaci- OPERATION 
-lively coupled to the line voltage and which generates 30 urttKA 
an output signal on a line 164 coupled through a con- As explained above, the frequency of the voltage 
ventional voltage regulator circuit 165 to generate logic control oscillator 178 determines the operating fre- 
and control power for the circuitry 127. A zener diode quency of the inverter. As that frequency increases 
164A and filter capacitor 164B are also connected as from the resonant frequency, the gain of the inverter 
shown, as in conventional. 35 will decrease continuously. During start-up, the start 

Turning now to FIG. 4, the Logic and Frequency circuit 175 generates the signal e, which is coupled 
Control Circuitry 127 is seen in functional block form. through the junction 171, filter 176 and diode 177 to the 
The secondary winding 145 of power transformer 120 input of voltage control oscillator 178 to set the operat- 
and lead 146 on which the signal c 0 appears are re- ing frequency at a high value. Thus, lamp voltage is low 
pcatcd. The signal eo is representative of lamp voltage, 40 until the filaments are heated. The output signal of the 
^and it is coupled through a bridge rectifier circuit 170 to start circuit 175 will then ramp down to zero volts, and 
a summing junction 17L Similarly, the signal e, repre- under normal conditions, the voltage applied to the 
sen ting lamp current generated on line 143 from current lamp circuit will increase as the frequency of the volt- 
transformer 142 is coupled through a bridge rectifier age controlled oscillator 78 decreases, thereby decreas- 
circuit 172 to a summing junction 173. 45 ing the drive frequency of the semiconductor switches 

The other input from summing junction 171 is a signal 111, 112. 
designated e s which is generated by a start circuit en- As the start voltage begins to ramp down, at the end 
closed within dashed line 175. The start circuit 175 is of the predetermined time indicated at Ti, the inverter 
actuated by the voltage signal on line 165A when power drive frequency will decrease toward resonant and the 
is turned on and voltage is sensed at the output of the 50 voltage applied to the lamps will correspondingly, in- 
low voltage regulator 165. The start circuit includes a crease. As the start voltage ramps down and the in- 
differentiator 175 A which feeds the negative input of an verter frequency decreases, the applied voltage to the 
operational amplifier 175B, the output of which is in- lamps will increase, thereby also causing an increase in 
verted by inverter 175C. The start circuit generates an the signal eo on line 146. The voltage applied to the 
output voltage for a predetermined time as graphically 55 lamps will continue to increase until the lamps ignite or . 
illustrated in FIG. 4, and it then has a gradual fail time, e<, increases sufficiently to limit the decrease in drive 
reducing to zero volts. The purpose of the start circuit frequency. 

175 is to force the operating frequency to a high value When the lamps ignite, the signal e« will decrease 
during start-up so that the lamp filaments may be heated since the voltage across the lamps will decrease; and the 
for a time before voltage is applied to the lamps. The 60 signal e,- representative of lamp current coupled to the 
output of summing junction 171 is fed through a filter other summing junction 173 will be the controlling 

176 and a diode 177 to the input terminal of a voltage signal, as described above. As mentioned, the drive 
controlled oscillator 178. The output frequency of the frequency of the inverter will normally be in the range 
voltage controlled oscillator 178 increases as the input above resonant frequency. Should the drive frequency 
voltage increases. 65 decrease toward resonance, the output of the phase 

The other terminal of summing junction 173 is re- detector circuit 179 will be added to the output of the 
ceived from the output of a phase detector circuit en- rectifier 172 at summing junction 173, thereby prohibit- 
closed within dashed lime 179. One input to the phase ing operation beneath the resonant frequency. 
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Assuming normal operation, namely that the operat- illustrated and to substitute equivalent elements for 

ing frequency of the inverter is above resonance, and those disclosed while continuing to practice the princi- 

the output signal of the phase detector circuit 179 will pie of the invention; and it is, therefore, intended that all 

be at zero volts, the output signal of rectifier 172 (which such modifications and substitutions be covered as they 

is representative of lamp current) will control. As the 5 are embraced within the spirit and scope of the ap- 

lamp current signal increases, the frequency of voltage pended claims, 

controlled oscillator will also increase and the gain of I claim: 

the inverter will be reduced. As the signal representa- 1. An electronic circuit for energizing a lamp circuit 
tive of lamp current decreases, on the other hand, the including at least one gaseous discharge lamp from a 
frequency of the voltage controlled oscillator 178 will 10 source of electrical power having a voltage amplitude 
decrease, thereby increasing the gain of the inverter varying in time, comprising: resonant inverter circuit 
circuit Thus, the lamp current is regulated. If the oper- means receiving power from said source and having a 
ating frequency of the inverter becomes too low— that resonant frequency and including first and second con- 
is, if it reduces beneath the resonant frequency of the trolled switches gated to conduction respectively in 
inverter, then the output signal of the phase detector 15 alternate cycles of inverter frequency for generating a 
179 will increase and thereby limit the lower operating high frequency electrical signal for supplying power to 
frequency of the voltage controlled oscillator 178. said lamp circuit; sensing circuit means for generating a 
Thus, the phase detector circuit 179 defines a lower control signal representative of lamp current; feedback 
limit to the operating frequency range of the inverter. control circuit means for controlling the gating of said 

Should the applied voltage to the lamp circuit in- 20 controlled switches in response to said control signal for 

crease beyond the normal operating range (as might controlling the operating frequency of said inverter 

occur if a lamp burns out or is removed), the signal e<, on circuit means relative to the resonant frequency thereof 

line 146 increases to drive the frequency of the voltage to regulate lamp current to a predetermined value; and 

controlled oscillator 178 to a higher frequency and characterized in that said feedback control circuit has a 

thereby reduce the gain of the inverter and avoid an 25 frequency response characteristic which is defined by a 

over-voltage condition. It will be observed that the cut-off frequency sufficient to permit said feedback 

function of the diodes 177, 186 is to provide that the control circuit to respond to said amplitude variations in 

higher output signal from either summing junction 171 said source voltage thereby to reduce the amplitude 

or summing junction 173 be effective to drive the volt- variation in the applied lamp voltage and lamp current, 

age controlled oscillator 178. That is, the two output 30 2. The circuit of claim 1 wherein said source of elec- 

signals of the summing junctions are not added. Rather, trical power includes rectifier circuit means receiving 

the signal having the greater magnitude controls the power from a 60 Hz input line for generating electrical 

operating or drive frequency. power for said inverter circuit; and a source of carry- 

The characteristic of the voltage-to-frequency con- over voltage storing energy when the output of said 

verter 178 is such that as the input signal increases, the 35 rectifier circuit means is sufficient to supply energy to 

frequency of the output signal also, increases. To Ulus- said inverter circuit means and itself supplying energy 

trate the effect of increasing the frequency of the signal to said inverter circuit mwn« when the output of the 

coupled to the drive transformer 123, reference is made rectifier circuit means is insufficient to supply energy to 

to FIG. 5 and the characteristic 135. As the operating said inverter circuit means. 

frequency increases, the gain will diminish, thereby 40 3. The circuit of claim 2 characterized in that the 

reducing the amplitude of the voltage at the secondary range of operating frequencies of said inverter circuit 

winding 120B of transformer 120 and consequently means as determined by said feedback control circuit 

reducing lamp current. By designing the circuitry of means is above the resonant frequency of said inverter 

FIG. 4— namely, the feedback control circuitry or fre- circuit means and wherein said feedback control circuit 

quency control circuitry as it is sometimes referred, to 45 means includes variable frequency oscillator circuit 

have a frequency response such that its minus 3 db means responsive to said control signal for increasing 

frequency point is approximately 5 KHz for a resonant the frequency of the drive signal to gate said controlled 

frequency of 50 KHz (F* if FIG. 5), a crest factor of 1.6 switches as lamp current increases from a reference 

or less can be achieved. Thus, not only is lamp current value. 

regulated, but also rendered relatively insensitive to 50 4. The circuit of claim 3 wherein said controlled 

variations in the source voltage. By way of illustration, switches are semi-conductor switches connected in 

referring to FIG. 6, line 1 diagraminatically illustrates series and energized to conduction in mutually exclu- 

the envelope of the voltage applied to the primary sive time periods. 

winding 120A of power transformer 120, but due to the 5. The circuit of claim 4 wherein said semiconductor 
regulating effecting achieved by varying the drive fre- 55 switches are MOSFET transistors, 
quency to the inverter, the output voltage of the trans- 6. The circuit of claim 1 wherein said feedback con- 
former 120 is seen as represented in an idealized form an trol circuit means includes a variable frequency circuit 
line 2 of FIG. 6. for energizing said controlled switches at a controlled 
Whereas in the illustrated embodiment, the operating frequency, said variable frequency circuit means being 
frequency range was greater than the resonant fre- 60 responsive to said control signal for changing the drive 
quency of the inverter amplifier, persons skilled in the frequency of said controlled switches in response to said 
art would be able to modify the system which has been control signal 

disclosed and operate on other portions of the fre- 7. The circuit of claim 6 wherein said feedback con- 

quency characteristics, such as before the resonant fre- trol circuit means is characterized in that the normal 

quency. 65 operating frequency of said variable frequency circuit 

Having thus disclosed in detail preferred embodi- means is greater than said resonant frequency of said 

ments of the invention, persons skilled in the art will be inverter circuit means, said feedback control circuit 

able to modify certain of the circuitry which has been means further including phase detector circuit means 
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responsive to signals representative of the phase of said supplying power to said inverter circuit means when 

lamp current and the phase of said applied lamp voltage said source voltage is relatively low. 

for generating an output signal when the operating 12- The circuit of claim 9 wherein said variable fre- 

frequency of said variable frequency circuit means ap- quency circuit means triggers said first and second 

proaches said inverter resonant frequency to limit the 3 switches to drive said inverter circuit means at a fre- 

operating frequency thereof to a frequency no lower R uenc y hi 8 her ^ said resonant frequency whereby 

than said resonant frequency. ^ 8^ of »"d inverter circuit means is varied as a 

8. The circuit of claim 7 further comprising start faction of said drive frequency. ... 
circuit means responsive to the intial application of m ^ ™ cmt 0 clam . U , wherem ^ensmg cir- 
power to said current for generating an output signal to 10 cmt means generates a signal representative of lamp 
i JWWBl **? rT. * w * . ° «w»i«n« B ii»w current and causes said variable frequency circuit 
cause said variable frequency circuit means to generate "^^^ueTcy . L tap <£i£t in- 
a drive frequency which m high in relation to the nor- thereb to decs £L the gain of said inverter 
mal operating frequency thereby to reduce the gain of ^ ^ , current . 

said inverter circuit means during an mtuU start-up per- „ „ ^ circuh Qf daim u wherein M variaWe 
lod sufficient to enable the filament of said lamp to heat. freqU ency circuit means and said sensing circuit means 

9. The circuit of claim 8 further comprising voltage comprise a feedback control circuit means character- 
sensing means sensing lamp voltage for increasing the ^ m having a frequency response sufficient to regu- 
output frequency of said variable frequency circuit late lamp current for the fundamental frequency of said 
means when said lamp voltage exceeds predetermined 20 source voltage. 

value to reduce the gain of said inverter circuit means 15. The circuit of claim 14 wherein said feedback 
wherein said lamp voltage is higher than a desired control circuit means is characterized in having a fre- 
value. quency response defining a cut-off frequency at least ten 

10. An electronic ballast circuit for receiving source times greater than the fundamental frequency of said 
voltage at a fixed frequency for energizing a lamp cir- 25 source voltage. 

. cmt comprising at least one gaseous discharge lamp, 16. The circuit of claim 15 wherein said feedback 
comprising: resonant inverter circuit means including control circuit further includes limit circuit means for 
first and second controlled semi-conductor switches detecting when the operating frequency of said inverter 
connected in circuit with first and second capacitors to approaches said resonant frequency for limiting the 
form an inverter bridge circuit; power transformer 30 lower range of the operating frequency of said inverter 
means connected in the diagonal branch of said inverter circuit means. 

bridge circuit and having a secondary winding coupled 17 - "Hw circuit of claim 16 wherein said limit circuit 
to said lamp circuit for energizing the same; a capacitor means comprises a phase detector for comparing a first 
connected in circuit with the secondary of the power ^gnal representative of the phase of lamp current and a 
transformer, the inductance of said power transformer 35 f 5001 " 1 ^ representative of the phase of applied 
and the value of said capacitor at least partially deter- volta 8 e °r determining when the operating ; fte- 

mining the resonant frequency of said inverter circuit <* uency a PP?> ache8 ™* resonant frequency of said m- 

. , , „ , verter circuit means, 

means; variable frequency cuxuit means for generating lg ^ ^ of claim 17 wherein said feedback 
an output signal coupled to said first and second con- ^ means flirtner comprises a 8tarHlp vo i t . 

trolled switch means for causing said first and second ^ ^ to ^ ap £ Ucation of p0 ^r to 

controlled switch means to conduct respectively m M for ^ variable frequency circuit 

alternate cycles to generate a high frequency signal for mean3 to operate at a ^ frequency and thereby re- 
energizing said power transformer, and sensing circuit duce & c ^ of said inverter circuit means for a prede- 
means sensing lamp current for controlling said variable 43 termined time upon start-up and sufficient to enable 
frequency circuit means to change the operating fre- hearing of the filaments of said lamp, 
quency thereof in response to variations in lamp current 19. The circuit of claim 18 further comprising means 
and thereby to change the gain of said inverter circuit f or sensing voltage applied to said lamps for generating 
means and to control lamp current. a signal representative thereof, said signal represen ta- 

ll. The circuit of claim 10 further comprising power 50 tive of lamp voltage being coupled to said variable 
storage circuit means connected in circuit with said frequency circuit for increasing the inverter frequency 
source voltage for storing energy from said source if the lamp voltage exceeds a predetermined value, 
when said source voltage is relatively high and for * * • * * 
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